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Abstract 
Nanoparticles exist widely in nature and are objects of study in many scientific 
disciplines due to their high performance in a wide range of applications. With modern 
techniques that facilitate creating and shaping of nanoparticles into ever more complex 
shapes and compositions, characterization of particle properties is essential. 
Nanoparticles are typically heterogeneous and techniques with single particle 
resolution are necessary to avoid the ensemble averaging that is otherwise prevalent. 
Plenty of methods have been developed to characterize single particle properties, but 
they all have their own restrictions and limitations, and additional methods are still 
needed to complement existing methods. 
This thesis is based on two novel methods for single nanoparticle characterization. The 
first method, parallelized nanofluidic fluorescence microscopy, evaluates the 
fluorescence downstream of single Au nanoparticles, each one in its own nanochannel, 
to measure the turnover frequency during catalytic reduction at the particle surfaces. 
It facilitates measurements of catalytic turnover frequency from single Au 
nanoparticles of different sizes and shapes measured in a parallelized fashion to 
ensure identical reaction conditions and synchronous measurement. The second 
method, Nano-SMF, monitors the Brownian motion of fluorescent particles flowing 
through an array of nanochannels and determines the particle sizes based on the 
particle movement. It provides characterization of size and multiple fluorescence 
intensities for thousands of individual fluorescent particles with high throughput and 
for complex size distributions, which are prevalent in biological systems. 
Both methods utilize nanofluidic flow systems to keep the readout signal in focus of 
the microscope and separate the nanoparticles and the signals emanated by them 
within parallel nanochannels. Together they showcase how nanofluidics provides a 
practical and versatile platform for single nanoparticle characterization. 
 
Keywords: single nanoparticle catalysis, heterogenous catalysis, nanofluidics, particle 
tracking, Brownian motion, fluorescence microscopy, dark field microscopy  
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1 Introduction 
Nanoparticles are incredibly useful for a wide range of applications1, 2. Industrially, 
nanoparticles made of metals or metal oxides are prominent for use in, for example, 
solar energy3, cancer treatment4, 5, and catalysis2, 6. Nanoparticles can also be shaped 
from other materials, such as carbon7, lipids8, or polymers9, and biological 
nanoparticles, such as exosomes, also occur naturally within our bodies and control 
cell function and communication10, 11. Their usefulness derives from an abundance of 
new material properties that arise, due to for example increased surface area, when 
the particle size is reduced to the nanometer scale12. There is therefore a need for 
nanoparticle characterization to understand and apply these new material properties 
efficiently. However, characterizing nanoparticles is complicated because of their 
small size and innate heterogeneity13-18. Traditionally they have been evaluated in 
ensembles of thousands to billions of particles to achieve high enough signals. 
However, measuring a multitude of particles as one and the same signal results in a 
particle average, where the individualities of the particles are lost. Due to the extensive 
heterogeneity generally seen among nanoparticles, characterization at the single 
particle level is needed to completely capture the particle properties and understand 
where the properties originate from. 
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In the last decades, a multitude of techniques, such as transmission electron 
microscopy19 and electron beam lithography20, 21 have made it possible to visualize and 
shape materials on the nanometer scale. These techniques have boosted the 
applicability and understanding of nanoparticles and built a platform for the field of 
nanotechnology. In addition, a multitude of techniques for measuring single 
nanoparticles properties have emerged22-27, which expand our insight even further by 
avoiding ensemble averaging. While the understanding of nanoparticle properties has 
increased tremendously, there are still a lot of unanswered questions, and due to their 
heterogeneity, detailed single particle characterization is essential. 
In this thesis, I present two methods for extracting single particle properties related to 
size, fluorescence intensity, and catalytic activity from single nanoparticles in a 
parallelized fashion. The first method I will refer to as parallelized nanofluidic 
fluorescence microscopy (Paper 1 and 3). It utilizes fluorescence microscopy and an 
array of parallel nanochannels to determine the catalytic turnover frequency for 
fluorescein reduction of tens of differently shaped single Au nanoparticles. The second 
method, Nano-SMF (SMF; size and multiplexed fluorescence), is used to determine the 
size and multiple fluorescence intensities for various particles with diameters down to 
20 nm (Paper 2). Nano-SMF can be applied in many fields, but is here demonstrated 
for a biological application, i.e., the characterization of subpopulations within samples 
of fluorescent lipid vesicles and exosomes. 
The aim of this thesis is to give a background into the fundamental science used in 
these two methods for nanoparticle characterization and present them in the context 
of state of the art techniques. Both methods utilize parallel nanochannels to achieve 
high throughput and keep the nanoparticles or fluorescent reactants in the microscope 
focus. I will therefore, in Chapter 2, give and overview of the field of nanofluidics and 
fabrication techniques used to create the nanochannel arrays. Chapter 2 also covers 
fabrication and characterization of nanoparticles since nanoparticle properties are a 
core focus of both methods. Microscopy is used extensively in these methods, so the 
fundamentals of both fluorescence and dark field microscopy is comprised in Chapter 
3. Since measuring single nanoparticle catalysis is the purpose of parallelized 
nanofluidic fluorescence microscopy, catalysis, and in particular heterogeneous 
catalysis, is described in Chapter 4. Nano-SMF utilizes the relation between Brownian 
motion and particle size to determine particle sizes from particle movement in the 
nanochannels. This is elaborated on in Chapter 5, where Nano-SMF is also presented 
in the context of other size determination techniques. Before discussing the way 
forward and future prospects for the two methods, in Chapter 7, I summarize the 
appended papers and elaborate on additional contributions in Chapter 6. 
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2 Nanostructures – fluidic devices and 
nanoparticles 
In 1959 Richard Feynman famously stated, “There’s plenty of room at the bottom” in 
his talk with the same name28, when he envisioned the possibilities to shape materials 
down to the scale of atoms. Already then, it was possible to observe objects down to 
single nanometers through electron microscopy, but extensive manipulations at that 
scale were still decades away. Today, we all walk around with computers detailed 
down to a few nanometers in our pockets, and yet there seems to be room left for more. 
Shaping materials on the nanoscale has provided technological wonders and a deeper 
understanding to develop materials with more and more detail. It has also provided 
the foundation to create the nanofluidic devices and the nanoparticles crucial for the 
science in this thesis. In this Chapter, I will give an overview of nanofluidics and the 
various nanoparticles I have handled in my thesis, from fabrication to application and 
characterization. 
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2.1 Nanofluidics 
Nanofluidics is the study and control of liquid and/or gas confined by structures where 
at least one dimension is in the nanometer scale (generally 1-100 nm)29, 30. However, the 
field of nanofluidics often extends into length scales of 100-1000 nm to allow for 
research on larger nanometric objects, such as single cells, nanoparticles, exosomes and 
DNA, in what is sometimes referred to as extended nanofluidics31, 32. Since nanofluidics 
is a field based on its very general concepts, such as fluids and small size, it is 
inherently interdisciplinary with broad use in all natural sciences33. The multitude of 
disciplines covered by nanofluidics is highlighted in Figure 2.1.  
 
Figure 2.1 Overview of the many disciplines covered by the field of nanofluidics. Adapted from34, 35. 
Even though the concepts of nanofluidics have been around for some time, the name 
nanofluidics only emerged quite recently in conjunction with the rise of microfluidics 
in the 1990s34. At this time, the innovation of new tools during the previous decade, 
such as atomic force microscopy (AFM), scanning tunneling microscopy (STM) and 
electron-beam lithography, opened new possibilities for studies on the micro- and 
nanoscale by allowing for more detailed visualization and manipulation of nanometric 
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structures. While the transition into smaller size regimes, from micro to nano, can seem 
as a very natural progression, it is important to keep in mind that physical properties 
can change dramatically when entering the size range < 100 nm. These changes can be 
attributed to the huge increase in surface area in comparison to bulk, as well as that 
the length scales of the confining structures become comparable with characteristic 
length scales in fluidics, such as Debye length, electronic double layer, and 
hydrodynamic radius. Hence, the abundance of differences in size-related properties 
allows for the exploration of new exciting phenomena, but also puts up a challenge 
since one cannot always rely on classical equations and formulations. With a few 
decades on its back, multiple studies have already started exploring these new 
frontiers of changes in liquid properties36-38, ion current rectification39, 40, and 
concentration polarization due to nonlinear transport41, 42. Since, as mentioned 
previously, the field of nanofluidics is very broad, I will not elaborate much on the 
many aspects of nanofluidic behavior and applications, but will instead refer 
interested readers to the many reviews covering the topic31, 32, 43-45. I will focus on 
aspects of nanofluidics crucial to the work presented in this thesis, such as the precise 
control of fluid and mass transport, and the delivery of individual particles and 
molecules to specific detection/reaction sites in the nanofluidic devices. A few 
examples where precise flow control has been utilized are in nanoparticle and 
molecular sieves46, 47, in single lipid vesicle analysis48, as well as in stretching of DNA 
molecules for length determination49 and DNA mapping50.   
2.2 Nanofabrication 
To allow for control of fluids inside a nanofluidic chip, detailed structures in the 
nanometer scale need to be fabricated. Nanofabrication consists of a multitude of 
methods to structure materials to nanometric sizes and is generally divided into the 
two approaches of bottom up using self-assembly of molecules or particles, or top down 
using various lithographic techniques or etching. I will here cover the lithographic and 
etching techniques by which the nanofluidic devices I have used in my thesis were 
fabricated. 
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2.2.1 Lithography and Etching 
There have been many methods developed to design nano-sized structures, so the list 
can be made long, but focusing on lithographic techniques, the most prominent are 
optical lithography51, electron-beam lithography21, nanoimprint lithography52 and 
scanning probe lithography53. In general, lithography is used to create a patterned 
mask which can be further used for additional processing, such as etching or metal 
evaporation. The mask is often made from a radiation-sensitive polymer material so 
that a pattern can be created from irradiation. The exposure (light or electrons) induces 
a chemical change in the polymer and specific regions (exposed or unexposed) can 
then be selectively removed with additional chemical processing. The minimum 
features of the pattern are dictated by the wavelength of the exposing radiation, which 
is why electron-beam lithography can produce smaller features as compared to 
traditional optical lithography.  
The nanochannels of our nanofluidic chips were fabricated through electron-beam 
lithography, due to its high precision all the way down to sub-10 nm structures54, 55. 
For larger structures, in the micrometer-scale, the precision of electron-beam 
lithography was not needed, and the patterns were instead created using optical 
lithography. The lithography was followed up by reactive ion etching, where channels 
were etched by exposure to an ionized plasma. For the inlets to the chip, deep reactive 
ion etching56 was used to achieve deep and anisotropically etched cylinders. 
2.2.2 Nanofluidic device fabrication 
Our nanofluidic chips were fabricated from a 4”-silicon (p-type) wafer in the following 
way (Figure 2.2): (1) Clean the silicon wafer followed by wet oxidation to oxidize the 
wafer to a depth of 2000 nm. (2) Create alignment marks with electron-beam 
lithography to assure further structures align properly. (3-1) Make nanochannel 
structures through electron-beam lithography and reactive ion etching in the presence 
of Nitrogen trifluoride-flow. (3-2) For chips containing channels with vertical 
constrictions, add additional spin coating and electron-beam lithography after reactive 
ion etching to a depth of 30 nm to protect the area of the vertical constriction during 
the rest of the etching. (4) Define the microchannels by optical lithography followed 
by reactive ion etching. (5) Make holes though the nanofluidic chip, for supply of 
liquid, with the same procedure as the microchannels, but followed up with deep 
reactive ion etching through the silicon layer. (6) Fabricate Au nanoparticles through 
electron-beam lithography and electron-beam evaporation, for the chips that include 
lithographic nanoparticles. (7) Clean the substrate and attach a silica lid through fusion 
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bonding. (8) Cut the 4” wafer with a dicing saw into 16 separate, but identical, chips. 
This way, a multitude of experiments can be done without variation related to 
properties of individual batches. 
A more detailed description is found in Supplementary Note 1 of Paper 1, and Method 
of Paper 3 (for details on fabricating the vertical constriction). 
 
Figure 2.2. Processing steps for fabrication of the nanofluidic devices. (a) Reactive-ion etching of 
nanochannels into the oxide layer of the Si-chip. (b) Reactive-ion etching of microchannels into the 
oxide layer of the Si-chip. (c) Deep reactive ion etching of inlets connected to the microchannels. (d) 
Lithographic fabrication of Au nanoparticles inside the nanochannels, and (e) sealing of the 
nanofluidic chip with a lid to complete the closed flow system. Adapted with modification from57. 
2.2.3 PSQ bonding – detachable lids 
When working with nanofluidics, detachable lids can be very useful to get access to 
the inside of the nanofluidic system after or in between measurements. In Paper 3, we 
utilized a detachable lid to verify single particle trapping (Figure 2.3) with scanning 
electron microscopy (SEM). We chose Polysilsesquioxane (PSQ) as our bonding 
material, since it is known for its excellent aberration resistance, is highly transparent 
and has a high mechanical modulus58, 59. PSQ bonding has been established as a 
suitable process for nanofluidics with channels as small as 8 nm in height by Gu et. 
al,60 and used further in micro and nanofluidic fabrication61-63. The process of PSQ 
bonding is done as follows (see Methods of Paper 3 for additional details): (1) Clean 
the silica wafer, with desired nanofluidic structures, and the lid (borosilicate glass) 
with piranha solution (3:1 mixture of sulfuric acid and hydrogen peroxide). (2) Spin 
coat freshly prepared PSQ onto the lid and cure it. (3) Expose to O2 plasma treatment 
and bring the nanofluidic chip and the PSQ coated lid together to enable the bonding. 
This bond is sufficiently strong to endure flow pressures inside the device of at least 2 
bar and can later be removed by cracking it open from the edge of the chip using a 
sharp tweezer. 
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Figure 2.3. Showcase of nanoparticle trapping with detachable PSQ bonded lid. Nanofluidic device 
with detached lid (a-b) and SEM images of a trapped Au sphere (c), cube (d) and octahedra (e). 
Adapted with modification from Paper 3.  
2.3 Nanoparticles 
A nanoparticle is usually defined as a particle in the size between 1 and 100 nm1. 
However, the term is often extended to also include sizes up to about 500 nm. 
Nanoparticles can be formed from a lot of different materials including carbon, metals, 
ceramics, semiconductors, polymers, or lipids1. Biological nanoparticles also exist 
naturally in our bodies and govern biological functions, such as intercellular 
communication and protein transfer10. While all nanoparticle materials are of scientific 
interest, in particular metal nanoparticles have shown applicability in a wide variety 
of fields, such as cancer treatment, solar energy, and catalysis1. Two common ways to 
produce metal nanoparticles are lithographic techniques (top down2) and/or though 
colloidal synthesis (bottom up)64. I will here describe the processes of making and 
characterizing the nanoparticles handled in this thesis and give examples for how they 
are utilized in science.  
  
 
2 Lithographic techniques are mainly top down but can also be combined with bottom up approaches. 
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2.3.1 Lithographic nanoparticles 
When studying nanoparticles, getting the particles to the place where you can measure 
their properties and have them stay there can be a struggle. Probably the easiest 
method to solve this issue is to fabricate the particles in place from the very start. This 
can be done using various lithographic techniques, such as optical (or electron-beam) 
lithography, nanosphere lithography and nanoimprint lithography that involve 
material evaporation to enable particle nucleation and growth on a surface, and lift-
off to remove the lithographic masks as the last step65, 66. The formation of nanoparticles 
on a surface is also possible in a less controlled fashion by growing a thin film on a 
surface by evaporation or sputtering, and thereafter annealing67. When evaporating 
the metal to form nanoparticles, the particles will be amorphous and often with a halo 
of tiny particles. Therefore, the nanoparticles are generally annealed to form a single- 
or polycrystalline particle. The thermal treatment also reduces the amount of 
surrounding tiny particles through Ostwald ripening. An example of this can be seen 
in Figure 2.4a-b. The structure of lithographically fabricated nanoparticles is generally 
quite incidental, with mixed surface facets and an abundance of grain boundaries 
(Figure 2.4c). 
 
Figure 2.4. SEM images of lithographically fabricated nanodisks before (a) and after (b) annealing. c) 
TEM image of lithographically fabricated nanodisk after annealing at 550 ° C in N2 atmosphere for 5 
hours. d) TEM image of a colloidal nanocube. Adapted with modification from Paper 157 and 3. 
2.3.2 Colloidal nanoparticles 
Colloidal nanoparticle synthesis can produce a multitude of highly defined shapes 
with specific surface facets containing both metals and metal oxides68-71. The wealth of 
particles provides a wide platform for studies on specific structures and their relation 
to optical, electrical, and catalytic properties. The process of synthesizing colloidal 
nanoparticles generally consists of reducing a water-soluble metal salt with a reducing 
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agent to form nanoparticles from the reduced salt. To prevent the particles from 
aggregation, a stabilization agent is added. Surfactants are often added to provide 
stabilization and can also be used to control the growth of specific facets to create 
particles with defined surface facets and specific shapes, such as cubes, rods or 
octahedra. To tune size and shape, parameters such as temperature, pressure, amount 
of stirring and reagent concentrations can be varied. The synthesis is traditionally 
divided into two steps. First, the fast reduction of the metal salt forms seed particles 
as a base for the particles to grow on. Second, additional reagents are added, possibly 
in addition to other parameter changes, to achieve conditions resulting in the desired 
particles. However, there is increasing interest in “single-pot” methods that can 
improve and simplify synthesis for industrial applications72, 73. Colloidal cubes and 
octahedra with highly defined surface facets were produced for Paper 3 and an 
example of the precision of shape-selected colloidal synthesis can be seen in Figure 
2.4d. 
Ligand exchange 
Ligands can play a major role in particle interactions and properties, such as 
electrostatic charge74, 75 and catalytic activity76, 77. With ligand exchange, one can swap 
the ligands on the surface of a metal nanoparticle from one type to another one78. When 
producing particles with a more defined structure, some of the common surfactants 
used to synthesize highly shaped nanoparticles bind strongly to the particle surface. 
For these cases an intermediate thin metal capping layer can be applied and 
subsequently etched away in the presence of the desired ligand79. For the work 
presented in this thesis, ligand exchange was used to produce highly defined Au cubes 
and octahedra capped with citrate or Polyvinylpyrrolidone (PVP) (originally 
stabilized by Hexadecyltrimethylammonium chloride (CTAC)). This altered the 
electrostatic charge of the particles from positive to negative and allowed them to be 
flushed into the nanofluidic system for subsequent trapping (see Paper 3).  
2.3.3 Fluorescent nanoparticles, lipid vesicles and exosomes 
Fluorescent nanoparticles are widely used as a sensing tool for chemical analysis, 
environmental monitoring, and biological imaging80. Additionally, non-fluorescent 
biological nanoparticles, such as exosomes and lipid vesicles, can be stained by 
fluorescent probes to monitor their movement or processes with or around them81. 
There exist numerous types of fluorescent nanoparticles and I will here describe the 
ones I have used in this thesis. 
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Fluospheres and Polymer dots 
Fluospheres and Polymer dots (P-dots) are two types of fluorescent polymer particles 
designed to be as fluorescently bright as possible. Their structure is different in the 
sense that fluospheres use a nonfluorescent polymer, polystyrene, to space out highly 
fluorescent molecules throughout the particles, while P-dots are built up of 
semiconducting chromophoric polymers82. The surfaces of these designed, highly 
fluorescent nanoparticles are often modified to be used for chemical and biological 
sensing. 
Unilamellar Vesicles 
Unilamellar vesicles are spherical vesicles containing aqueous solution that hold 
together by a single bilayer of amphiphilic lipids83. They are used to mimic cells or 
extracellular vesicles to study biological systems and the lipid membrane can be 
stained with fluorescent tags for detection using fluorescence; for example, fluorescent 
lipids or dyes can be bound to the lipid bilayer after the vesicles are formed. 
Exosomes 
Exosomes are extracellular vesicles, generally in the size range between 30-150 nm in 
diameter, that are secreted from cells. They have been shown to be important in 
various biological functions, such as regulation of pathological and physiological 
diseases, as well as transfer of biomolecules between cells11. Therefore, they are of high 
interest to study as they could act as biomarkers in detecting diseases and assist in 
developing less invasive diagnostics and treatments. As exosomes are also lipid based, 
they can be fluorescently stained in similar ways as vesicles for detection. They also 
carry different nucleic acids and proteins, which can be expressed with fluorescent 
markers to get a signal that is correlating with the exosome composition. 
2.3.4 Characterization of metal nanoparticle 
Of the many ways to characterize metal nanoparticles84 the most prominent are 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM), 
due to their output of images with detailed resolution. However, there are several 
additional techniques used to characterize various other properties, such as catalytic 
activity, which is discussed in detail in section 4.2.1 Single nanoparticle catalysis. Below, 
I go through the characterization techniques used in this thesis. 
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Electron Microscopy 
Imaging by electron microscopy operates by focusing a beam of electrons at the sample 
of interest. Due to the short wavelength of electrons, images with nanometer or even 
atomic resolution can be collected. Since electrons also have a short mean free path, a 
vacuum chamber is generally needed to remove gas molecules that will otherwise 
scatter the electrons on their way to the sample. By monitoring the scattered light, X-
rays, or electrons, or the transmitted electrons, one can collect different information 
about the sample. With SEM, primarily the backscattered electrons are observed, 
though secondary electrons can also be monitored. The number of backscattered 
electrons depends on the molecular weight of the material and thereby provides a 
material contrast to the recorded image. With TEM the transmitted electrons are 
recorded and can provide images of high resolution, down to 50 pm85. TEM provides 
a higher resolution, but requires the sample to be very thin (about 100 nm) for the 
electrons to be transmitted. SEM and TEM provided detailed images of particles and 
nanofluidic structures in Paper 1-3. 
Selective Area Electron Diffraction (SAED) 
With TEM, the diffracted electrons can also be monitored to create a diffraction pattern 
that reflects the crystal lattice of the material. The sample material thus acts in analogy 
to a grating at which the electrons are diffracted and thus scatter with angles related 
to the distance between the atomic planes in the sample. By examining such diffraction 
patterns in detail, the distances between atomic planes can be calculated and provide 
information about the lattice structure and thereby the materials chemical 
composition. 
Energy Dispersive X-ray Spectroscopy (EDS) 
When monitoring a sample with electron microscopy, characteristic electrons in the 
sample will be knocked out by the irradiating beam. The thereby created holes will 
immediately be filled by electrons in a higher energy state, and the resulting energy 
loss will induce X-rays that are emitted by the sample. Since the transitions between 
electronic levels are unique for each element, information about chemical composition 
can be gathered by examining the energy distribution of the emitted X-rays. 
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3 Fluorescence and dark field scattering 
Early documentation of fluorescent phenomena dates to the 1560s when oxidation of 
molecules contained in certain types of wood produced a blue infusion86. In the early 
to mid-1800s, several scientists described the same phenomenon for fluorites, 
chlorophyll, and quinine. Since then, fluorescence has found widespread use in science 
since it can be tailored to be incorporated in most chemical and biological systems and 
provide high readout signals in a specified range of wavelengths. Another light-
related phenomenon is scattering, and in dark-field scattering, scattered light is 
monitored to exclusively display highly scattering objects. Both these phenomena have 
wide use in microscopy applications since they provide a high signal to noise ratio 
using relatively simple means. 
In my thesis I have used fluorescence microscopy to get readout signals in both 
nanoparticle catalysis (Paper 1 and 3) and particle size determination (Paper 2), but 
also utilized dark field microscopy to monitor metal nanoparticles in, for example, 
nanoparticle trapping (Paper 3).   
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3.1 Fluorescence 
To describe fluorescence, I will start with describing light and how it interacts with 
molecules. Visible light consists of electromagnetic waves with a wavelength that can 
be detected by the human eye (about 400-700 nm)87. Light is also energy, and each light 





. (Eq. 1) 
In this equation ℎ is Planck’s constant and 𝑐 is the speed of light and inputting the 
wavelengths for visible light results in an energy that spans from about 1.8-3.1 eV. 
Since light is energy, it can be transformed in various ways, such as being absorbed by 
a molecule or being generated from an energy decaying process. Fluorescence is one 
among many such processes. 
Molecules are constructed of atoms bound together by chemical bonds. The bonds are 
facilitated by the atoms positively charged nucleus and negatively charged 
surrounding electrons. The electrons reside in quantized orbits around the nucleus 
with energies depending on their angular momentum. For molecules, the 
configuration of all nuclei results in orbitals in which the individual electrons orbit. 
Orbitals are also quantized and provide different electronic energy levels which the 
molecules can reside in. The chemical bonds within the molecules can also contain 
energy by vibrating and/or rotating. In summary, this results in three main ways that 
energy within a molecule can be expressed: electronic, vibrational, and rotational. The 
difference between energy levels in these three modes spans over several orders of 
magnitudes, electronic being the highest at ~1 eV to vibrational at ~10-2 eV and 
rotational at ~10-4 eV88. 
The energy of light can be absorbed by molecules, increasing the energy within the 
molecule and exciting it to a higher energy state. Since the energy of light is of the same 
magnitude as the difference between electronic energy levels of molecules, this often 
results in the excitation of an electron, generally in combination with some vibrational 
and rotational excitation. After the molecule is excited, several decay processes down 
to the ground state can occur and among them, fluorescence. The excitation and decay 
processes can be described in a Jablonksi diagram (Figure 3.1). Starting out, the 
molecule will reside in its ground state (S0). After excitation, the energy residing in the 
vibrational energy levels quickly decays down to its lowest vibrational level by 
dissipating heat to its surroundings in a process called internal conversion. The energy 
can then either decay through internal conversion, or fluorescence can occur as 
radiative decay down to the ground state (but often to an excited vibrational level).  
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Figure 3.1. Energetic transitions in molecules depicted in a Jablonski diagram. An electron in the ground 
state (S0) is excited by absorbed light (blue arrows) and transitions to a higher energy state (S1 or S2). 
Energy is quickly depleted via internal conversion by the vibrational modes (red arrows) down to the 
bottom of the corresponding electronic state. From there the energy can either continue decaying 
through internal conversion, be emitted as fluorescence or transition to the triplet state (T1) through 
intersystem crossing (brown arrows). From the triplet state, light can also be emitted, but then as 
phosphorescence (yellow arrows). Alternatively, another intersystem crossing can return the state to  S0 
without any radiative process. 
The light being emitted as fluorescence generally has a lower energy than the exciting 
light. The shift in energy is called Stokes’ shift and is mainly due to energy loss through 
internal conversion and that the emission process often decays to an excited 
vibrational level. However, the surrounding solvent can also affect the decrease in 
energy, as it can rearrange to align with the altered dipole moment caused by the 
excitation, which minimizes the energy of the excited state. This is called solvent 
relaxation and is more prominent for solutions with high polarity as the dipole 
interactions will then be stronger. 
Electrons have an internal angular momentum called spin, which can have one of two 
directions, up or down. In molecular orbitals, the electrons are generally paired up so 
that every other electron spin in the opposite direction to minimize the energy. 
Coupling between the electron spin and the molecular orbitals can split the orbital 
energy levels into levels depending on how the spins are paired89. In the decay process 
following excitation, the energetic state can sometimes transition into a triplet state (T1) 
with different spin multiplicity in a process called intersystem crossing. This process 
involves a “forbidden” transition which could not take place without orbital coupling. 
From the triplet state, energy can either decay through emission or to another 
intersystem crossing back to the singlet state and decay through internal conversion. 
 – 16 – 
If radiative decay occurs from the triplet state it is called phosphorescence and since it 
again requires a “forbidden” transition, to change the spin back, this happens at a 
much slower time scale than fluorescence (between ~10-3-101 s as opposed to ~10-8 s for 
fluorescence)90.  
3.2 Fluorescent probes 
The energy difference between incoming and outgoing light during fluorescence is 
useful for sensing applications and visualization since it makes it possible to 
distinguish the incoming exciting light from the outgoing signal using various filters. 
Consequently, a wide separation between absorption and emission, i.e. a large Stokes’ 
shift is often desired, since it simplifies the light separation. A large Stokes’ shift also 
helps mitigate a decrease in signal through self-quenching, since the outgoing light 
has a lower probability to be reabsorbed87. 
The brightness of fluorescent probes depends mainly on two parameters: the molar 
absorption (or extinction coefficient), and the quantum efficiency. The molar 
absorption dictates how likely light is to be absorbed by the molecule. The parameter 
varies with the wavelength of the light since it relates to the electronic excitation levels 
in the molecule. Quantum efficiency instead describes the fraction of absorbed light 
that is emitted as fluorescence90.  
For a lot of biological and chemical applications, fluorescence is a great tool to visualize 
interactions between (and inside) cells or chemical reactions91. It is also very 
customizable since fluorescent probes can be tailored to absorb and emit at almost any 
wavelength92. Furthermore, they can be designed to act as reactants in specific 
chemical reactions22, 93, or to attach to (or intercalate in) specific biological entities such 
as DNA94 or cell membranes81, 95. In Paper 2 several membrane probes were used to 
stain unilamellar vesicles and exosomes to visualize them with fluorescence 
microscopy and determine their size. 
  
 – 17 – 
3.2.1 Fluorescein 
Fluorescein is a fluorescent molecule commonly used in fluorescence microscopy96. It 
has a very high quantum efficiency and absorption and emission in the middle of the 
visible spectrum (Figure 3.2). Fluorescein has a conjugated molecular structure, 
meaning it has a configuration with alternating single and double bonds. This 
structure is typical for molecules that are fluorescent in the visible spectral range since 
it provides π-orbitals with loosely bound electrons that are needed for absorption at 
these wavelengths97. If the conjugation is broken, fluorescein can be rendered non-
fluorescent and this type of quenching was used as a read-out signal for the catalytic 
activity of Au nanoparticles (Paper 1 and 3).  
 
Figure 3.2. Absorption and emission spectra of Fluorescein as well as its molecular structure.  
3.3 Fluorescence microscopy 
The idea of magnification using optical lenses dates back hundreds of years. The 
earliest recorded mention of such principles dates back to the 1st century AD98, 
although it may have been known about already two thousand years earlier99. Today, 
we have mastered the art of magnification to the point where we are limited by the 
laws of physics, or namely the diffraction limit of light.  
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The optical resolution of a microscope is generally given by the Rayleigh criterion100, 








. (Eq. 2) 
Here, 𝑛 is the index of refraction between the objective and the sample and 𝜃 is the half 
angle of the cone of light that enters the objective. Together they can be combined in 
the dimensionless parameter numeric aperture given by 𝑁𝐴 = 𝑛 sin (𝜃). The numeric 
aperture describes the range of angles over which the system can emit and collect light. 
The factor 1.22 comes from calculating the distance between the center and the first 
minima in the diffraction pattern (Airy disc) from a single point source. For visible 
light, and a typical numerical aperture of 1.4, this gives a resolution limit of around 
200-300 nm depending on the wavelength. However, various methodologies that go 
beyond the resolution limit and achieve higher resolution have been implemented101.  
In fluorescence microscopy, light of certain wavelengths, overlapping with the 
absorption spectra (Figure 3.2), are used to excite the fluorophores. Emitted light with 
higher wavelengths can then be filtered and collected. A typical setup consists of a 
light source, excitation and emission filters, a dichroic mirror, an objective, and a 
camera. The light source can either have a broad spectrum, such as an arc discharge 
lamp, or be monochromatic, such as lasers or LEDs. For the monochromatic light 
sources, the excitation filter may be excluded since the incoming light is already 
defined. The dichroic mirror, which selectively reflects or transmits light, and 
excitation and emission filters are matched with the fluorophore in question to filter 
incoming and outgoing light. An epi-fluorescence microscope has the sample holder 
on top of the microscope and images it from below (Figure 3.3). Excitation light is 
emitted by the light source and passes through the excitation filter where only the 
specified light is transmitted. The dichroic mirror then reflects it to the objective, which 
focuses the light on the sample. Emitted light from excited fluorophores is then 
collected by the objective and sent back through the microscope. When the emitted 
light hits the dichroic mirror, it is now transmitted because of the dichroic mirror’s 
selectivity towards specific wavelengths. The light is then filtered through an emission 
filter to minimize noise from backscattering before it reaches the camera and is 
recorded. 
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Figure 3.3. A regular epi-fluorescence microscope setup. Light is emitted from a light source and filtered 
to a specified span of wavelengths by an excitation filter. The light is then reflected on a dichroic mirror 
and sent through the objective to be focused on the sample. The emitted light from the sample is 
collected by the objective, transmitted through the dichroic mirror and via an emission filter before it is 
recorded by the camera. 
The signal in fluorescence microscopy scales linearly with the excitation light intensity 
and a powerful light source is therefore beneficial. However, if fluorophores are 
exposed to excessive light exposure, they can degrade by cleaving of covalent internal 
bonds or by non-specific reactions with surrounding molecules in a process called 
photobleaching102. Therefore, there is often a need to find a proper balance between 
the signal and the amount of photobleaching. 
3.4 Dark field microscopy 
Scattering is when light interacts with a non-uniformity in its surrounding medium, 
which forces the light to change direction. These non-uniformities are called scatterers 
and include anything from particles and bubbles to a rough surface or simply a 
fluctuation in the density of the medium. Some of the most prominent scatterers are 
plasmonic metal nanoparticles which scatter very effectively, since their small size 
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introduces new interactions between their free electrons and light. When the 
wavelength of the light is longer than the size of the particles, the light waves induce 
oscillations in the electron cloud and this interaction causes significant scattering and 
absorption103. For plasmonic spheres the absorption and scattering scales 
exponentially with the radius (𝑟) of the particle according to 𝐼𝐴  ∝ 𝑟
3 and 𝐼𝑆  ∝ 𝑟
6 
respectively. This makes it difficult to detect small spheres (<50 nm) while larger 
spheres (>100 nm) are very bright104. 
Dark field microscopy can be used to study scatterers. To only record the scattered 
light, dark field microscopy operates with a condenser lens that sends the exposing 
light toward the sample at an angle (Figure 3.4a). Light is then collected at a different 
angle so that only scattered light is recorded. For Paper 3 dark field microscopy was 
used to monitor trapping of colloidal metal particles (Figure 3.4b), which were later 
used in fluorescein reduction experiments monitored with fluorescence (Figure 3.4c).    
 
Figure 3.4. The principle behind dark field microscopy and comparison with fluorescence. a) 
Schematic of how light passes through the dark field objective. Incident light is split up and collected 
with a condenser lens to reach the sample at an angle. The scattered light is collected at a different 
angle and transmitted through the centrally transparent mirror to the camera. b) Example of a dark 
field microscopy image displaying Au nanoparticles in nanochannel traps. c) Example of a 
fluorescence microscopy image displaying fluorescein reduction on trapped nanoparticles. 




The word catalysis was first mentioned in 1835 by Jacob Berzelius105 as a combination 
of the Greek words kata, meaning down, and lyein, meaning loosen. He then 
described the phenomenon as something that influences a chemical reaction without 
itself being affected. Some 60 years later, Wilhelm Ostwald refined the expression to 
“A catalyst is a substance which affects the rate of a chemical reaction without being part of its 
end product”106, which is, more or less, the definition that is used today. 
Most people probably think of the catalytic converter in their car when they hear the 
word catalysis. In the car a catalyst is used in the exhaust pipe to convert toxic gases 
to harmless ones, but in principle catalysis can be used to increase the rate of any 
chemical reaction. In our modern-day society, it assists in producing fuels and 
medicine, and with keeping the air clean. 
In this chapter, I will describe the fundamentals of catalysis, in particular 
heterogeneous catalysis, as well as how I have studied catalytic reactions on single Au 
nanoparticles. 
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4.1 The fundamentals of catalysis 
A chemical reaction involves transforming one set of chemical substances to another 
one by breaking and forming chemical bonds. The transformation often entails 
overcoming one or several energy barriers which, depending on temperature, can be 
a very slow procedure. In catalysis, the rate of the chemical reaction is increased by a 
catalyst, which is not itself consumed or altered in the process107. Mechanistically, this 
is possible by the catalyst providing additional pathways along which the reaction can 
occur under more energetically favorable conditions. In the context of a generic 
reaction 𝑨 + 𝑩 → 𝑪 where two reactants (𝑨 and 𝑩) react to form the product (𝑪) the 
catalyst supplies an energetically favourable pathway for the reaction to proceed by 
and thereby increases the reaction rate. This is illustrated in Figure 4.1 were 𝑨 and 𝑩 
bind to a catalyst surface and in this way reduce the energy barriers that need to be 
overcome to transform into 𝑪. The energy barrier which must be overcome without a 
catalyst is defined by the activation energy (𝑬𝒂). The probability to overcome the 
barrier can be described by a Boltzmann distribution 𝑃 ∝ 𝑒−𝐸𝑎/𝑘𝛽𝑇. If the supplied 
energy 𝐸 = 𝑘𝛽𝑇 is much lower than 𝑬𝒂 the probability of the reaction is low and 
consequently the reaction rate is slow. 
Catalysis is often divided into the two categories: homogeneous and heterogeneous 
catalysis. The categories concern whether the reactants and the catalyst are in the same 
state of matter (solid, liquid or gas). In homogeneous catalysis, reactants and catalyst 
are in the same state of matter and typically involves catalysis with organometallic 
compounds, or acid catalysis108. On the border between homogenous and 
heterogeneous, the category of biocatalysis is sometimes included to cover the 
numerous reactions catalyzed by enzymes. In heterogeneous catalysis, reactants and 
catalyst are instead in different states of matter. Most often a solid-state catalyst is used 
to catalyze liquid or gas phase reactants. Heterogenous catalysis is frequently utilized 
in chemical and energy related industry applications, to assist in the production of 
fuels and chemicals. In Paper 1 and 3, I have studied heterogeneous catalysis via 
reduction of fluorescein in the liquid phase on the surface of Au nanoparticles (solid 
phase). I will therefore elaborate a bit more on the concept of heterogeneous catalysis. 
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Figure 4.1. An energy diagram displaying the energetically favorable pathway (dotted line) provided 
by a catalyst. For the generic reaction 𝑨 + 𝑩 → 𝑪 the activation energy needed for the uncatalyzed 
reaction (solid line) would be 𝑬𝒂. With a catalyst present, the reactants 𝑨 and 𝑩 can instead adsorb to 
the catalyst, react into 𝑪 on the surface, and finally desorb as the reaction product.  
An alternate pathway provided by a catalyst is seen as the dotted lines in Figure 4.1. 
The depicted adsorption of species on a surface is specific for heterogeneous catalysis, 
but the idea of the altered energy landscape holds true also for homogeneous catalysis. 
For an effective catalyst, the energy barriers along the new reaction pathway are 
significantly lower than the barrier without a catalyst, such that less energy is required 
to drive the reaction107. Figure 4.1 also entails typical intermediate steps seen in 
catalysis. These are (1) reactant adsorption to the catalyst, (2) surface reaction (and 
dissociation) and (3) desorption of the reaction product(s). After all the three steps, the 
catalyst is in the same state as before the reaction cycle and ready for new reactants to 
adsorb. In addition to lowering the energy barriers of the reaction, the adsorption to a 
surface also keeps the reactants close by each other, which can also contribute to the 
increase in reactivity. Preferably, the adsorption to the surface is neither too weak, 
since then the substrate may fail to bind the reactants or not bind them with enough 
efficiency, nor too strong, which may result in a permanent covering of the surface 
(poisoning), preventing further reaction to occur. This qualitative concept is called the 
Sabatier principle after the French chemist Paul Sabatier who first described it107. 
In addition to increasing the rate of the reaction, catalysis can also be used to increase 
the selectivity, if multiple end products are possible. While the catalyst cannot change 
the start and end products of a specific reaction, it can increase the rate of certain 
pathways leading to a specific product. This way, the ratio between end products can 
be altered, leading to an increased selectivity for the specified reaction product. 
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4.1.1 Nanoparticles as catalysts 
Heterogeneous catalysis is when reactants and catalyst are in different states of matter. 
Typically, this takes place on the surface of a solid catalyst with liquid or gas reactants. 
Since the reactants bind to the surface of the catalyst during the reaction cycle, a high 
surface area is preferrable, as it allows for a higher throughput. Nanoparticles supply 
a large surface area using very little material, since the surface to volume ratio 
increases dramatically when the particle size is reduced. They are therefore a cheap 
and sustainable option and are common as catalysts, in particular in the sub-10 nm 
size range12, 107, 109. In addition to an increase in surface to volume ratio, downsizing also 
increases the curvature of the particles’ surfaces, which in turn increases their surface 
tension, as well as the number of surface atoms with low coordination number. This 
can make materials such as Au very reactive even though they are essentially inert as 
a bulk material. 
The most common heterogenous catalysts are metal nanoparticles due to their high 
catalytic activity and chemical stability, as well as the simplicity of their fabrication. 
The optimum activity is often reached for nanoparticle sizes around 1 nm consisting 
of only ~20 atoms110. The exceptional activity at this nanoparticle size is usually 
attributed to the increased fraction of low coordinated surface atoms, such as edges 
and corners, which have shown to be highly active111, 112. For larger nanoparticles, 
differences in surface facets have shown to be important, as well as the presence of 
defects or grain boundaries which also alter the surface energy landscape and provide 
additional low coordinated surface atoms. Nanoparticles are often fixed on a substrate 
and the substrate material can also play an important role for the activity as the tension 
between particle and substrate can alter the particle structure. The substrate can also 
facilitate the reaction, for example by acting as a reservoir of reactant species, for 
example oxygen atoms. The activity of the catalyst is generally expressed in terms of 
turnover frequency (ToF) per active site113. The ToF describes how many reaction 
cycles that occur at an active surface site per unit time. An active site is a small area on 
the catalyst where the reaction can occur, and it is used to distinguish between 
differently coordinated surface sites, such as corners, edges, and defects. Although the 
active site often occupies more space than single surface atoms, the number of active 
sites generally scales linearly with the number of surface atoms. Therefore, the ToF is 
sometimes given per surface atom when no detailed specification or knowledge of the 
occupied area of the active site is available. 
In addition to experimental evidence for differences in catalytic activity between 
different surface facets, theoretical modelling using density functional theory (DFT)114, 
115 is widely used to validate experimental findings and to rationally design catalyst 
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materials. The constant increase in computational power has made it feasible to 
simulate complete nanoparticles up to sizes of 5 nm using DFT116, 117. These kinds of 
simulations make it possible to link experimental results with theoretical models to 
make more substantiated claims based on combined experimental and theoretical 
results. 
4.2 Methods to measure nanoparticle catalysis 
Studies regarding nanoparticles in catalysis were published as early as 1941118, with 
palladium and platinum nanoparticles catalyzing a hydrogenation reaction. A later 
advance of the field was made by Haruta in 1987 when he discovered that activity for 
the oxidation reaction of CO to CO2 was increased for Au particles smaller than 5 nm119. 
Since then, the main focus within nanoparticle catalysis has been towards the 
improved catalytic performance of smaller nanoparticles (~1-10 nm), though with 
some exceptions, such as interaction with plasmon resonance and the generation of 
hot electrons, where larger nanoparticles are preferred120. 
In the 60s and 70s, although it was already possible to study catalysis from 
nanoparticles, the studied catalysts were commonly replaced by simpler “models”, 
such as single crystalline surfaces to more easily investigate them using so-called 
surface science techniques121. With advances in related instrumentation, surface 
science took a main role in catalysis, with methods, such as Auger electron 
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS), that could be used to 
probe the catalyst surface, and low energy electron diffraction (LEED) to also measure 
its adsorbed molecules. Adjointly, reactants and products from the catalysis could be 
monitored with a quadropole mass spectrometer or by gas chromatography. With 
further advances in surface characterization techniques, such as scanning tunneling 
microscopy (STM), atomic force microscopy (AFM) and electron microscopy 
techniques (SEM and TEM), the visualization of surfaces of nanoparticles down to 
atomic resolution has increased our insight tremendously since the days of classical 
surface science. Together with techniques such as X-ray diffraction (XRD) to determine 
crystallinity, infrared and Raman spectroscopy to monitor adsorbed species, as well as 
mass spectrometry to evaluate the consumption of reactants and/or formation of 
products, a lot of information can be gathered from these systems that were previously 
nearly impossible to observe. 
Nanoparticle catalysis measurements have traditionally been done on ensembles of 
particles where the differences between individual particles are averaged out. With an 
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increasingly detailed view onto nanoparticle catalysis, understanding particle 
heterogeneity has become exceedingly important, as individual nanoparticles may 
exhibit different activity and selectivity. It has therefore become critical to examine 
single nanoparticles to increase our knowledge of nanoparticle catalysis even further. 
4.2.1 Single nanoparticle catalysis 
In response to the issue of ensemble averaging in batch measurements, methods 
capable of resolving relevant properties of single catalyst particles, such as size, 
crystallinity, surface bound molecules or catalytic activity, have emerged. Since 
nanoparticles are small, they interact weakly with any radiation used to probe them 
and produce a very low number of reaction products individually. High sensitivity is 
therefore crucial for any single particle measurement to resolve the particles individual 
properties. In Table 1, an overview of selected relevant single particle techniques is 
presented together with a description of how they operate, and their respective 
limitations. The properties measured by these methods can be categorized into three 
main readouts from single nanoparticles techniques: (1) reaction rate, (2) surface 
species and (3) shape, size, oxidation state and/or chemical composition.  
(1) First, we have reaction rate, which can be measured via single-molecule 
fluorescence microscopy (SMFM)122-125 through detection of single molecules, scan 
electrochemical microscopy (SECM)126 by evaluation of electric current produced from 
the reaction, or parallelized nanofluidic fluorescence microscopy57 by monitoring the 
difference in fluorescence downstream of the catalyst3. (2) Second, the molecules on 
the catalyst surface can be measured via surface- or tip-enhanced Raman scattering 
(SERS/TERS)127-130 through the enhanced Raman signal from the catalyst, synchrotron-
radiation-based infrared nanospectroscopy (SINS)131, or surface-enhanced infrared 
absorption spectroscopy (SEIRAS)132, which probe molecular vibrations in the IR 
spectra. (3) Third, nanoparticle shape, size, oxidation state and/or chemical 
composition can be determined with plasmonic nanospectroscopy133-135 by evaluation 
of the spectral shift in plasmonic resonance, X-ray microscopy136 that probes the 
oxidation state and coordination environment, or environmental transmission electron 
microscopy (ETEM)137 that provides high resolution images during catalytic reaction. 
In addition to measuring different properties of the catalyst, the different methods 
described above often come with restrictive limitations, such as the need of fluorescent 
reactants or products, the necessity of plasmonically active nanoparticles, or the 
inability to supply activity information. 
 
3 The method I have presented in Paper 1 and 3. 
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Table 1. Overview of methods for measuring single nanoparticle catalysis and their respective 
limitations. Adapted with modification from35. 




Detection of single fluorescent 
molecules turning on or off at 
the catalyst surface 
Residence times 
and reaction rate 
Needs fluorescent read out, low 




Measurement of the electric 
current produced from electro-
chemical reaction occurring on 
a catalyst particle 
Reaction rate Limited to liquid phase. Tip crash 
can damage the sample, and 




Detection of fluorescence 




Requires fluorescent readout and 
high reaction rate 
Surface-enhanced Raman 
Scattering (SERS)127, 128 
Raman spectroscopy with 





Requires plasmonic catalyst. Weak 
signal enhancement on single 
crystal surfaces  
Tip-enhanced Raman 
Spectroscopy (TERS)129, 130 
AFM in combination with a 
probe light beam to detect 
Raman shift induced by 





Requires plasmonic catalyst. 
Enhancement from tips may vary 
and hamper reproducibility. 






AFM in combination with 
synchrotron IR light scattering 





Needs synchrotron infrastructure. 





Detection of molecular 
vibrations in the IR range via 





Requires plasmonic catalyst and 
provide low signals. Not yet 
established for catalysis. 
Plasmonic 
Nanospectroscopy133, 134 
Monitoring of the spectral shift 
in plasmon resonance and 
relating it to chemical or 
physical property changes in 







Supplies no activity information 
and requires plasmonic particles. 
Readout can be due to several 
different effects and needs to be 
interpreted carefully 
X-Ray Microscopy136 Evaluation of X-rays to detect 
changes in the oxidation state 






Supplies no activity information 
and requires synchrotron 
infrastructure. High intensity X-




TEM with a confined high 




No activity information, limited 
field of view and complex 
infrastructure. Catalyst may be 
damaged by high energy electrons  
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4.3 Parallelized nanofluidic fluorescence microscopy 
Parallelized nanofluidic fluorescence microscopy is a method that I have developed 
during my doctoral studies (Paper 1 and 3). It provides a complementary platform to 
compensate for some of the limitations of the other single particle catalysis techniques. 
4.3.1 Reduction of fluorescein on nanoparticles 
Parallelized nanofluidic fluorescence microscopy57 utilizes the fast reduction of 
fluorescein by sodium borohydride on the surface of Au nanoparticles as a model 
reaction. By determining the fraction of reduced fluorescein molecules downstream of 
single nanoparticles in individual nanochannels (Figure 3.4b-c), the catalytic activity 
can be determined for each single particle. Fluorescein reduction on nanoparticles has 
previously been studies with both absorption spectroscopy138 and fluorescence 
spectroscopy139 and is useful both due to the reaction’s relatively high rate and the 
prominent change in absorption and fluorescence as its result.  
Fluorescein reduction has also been studied extensively in electrochemistry by R. G. 
Compton, et al.140-145 where it has been shown to reduce through an electrochemical 
chemical electrochemical (ECE), or disproportion mechanism depending on 
illumination and/or pH of the reactant solution. On the surface of nanoparticles, it has 
been understood as an electrochemical process, where the nanoparticle acts as an 
electron relay between the sodium borohydride and the fluorescein138, 139. The 
mechanisms governing the reduction at high fluorescein concentration is discussed 
further in Paper 3, where the Au nanoparticles display diminished catalytic activity at 
high fluorescein concentrations followed by a transition into the mass transport 
limited regime as the concentration decreases. 
4.3.2 Amplex red reduction 
Another fluorophore that has been widely used in single nanoparticle catalysis is 
Amplex red146, 147 that can be reduced by hydrogen peroxide. It has shown promise in 
parallelized nanofluidic fluorescence microscopy57, even though the reaction rate is 
significantly lower than that of the fluorescein reduction reaction. When measuring 
Amplex red reduction through fluorescence, it is particularly important to be mindful 
of the amount of light exposure, since Amplex red reduction has shown to be auto-
catalyzed by light148. However, with clever implementation, its photochemical 
properties can instead be used to an advantage in, for example, photocatalysis149. 
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5 Size determination by particle tracking 
The importance of particle size has been known for a long time. Already in ancient 
Egypt, sieves were used to evaluate grain size and grade the harvests150. Today, we 
have developed techniques that can characterize and sometimes even sort particles of 
sizes on the nanometer scale. Particle size analysis is applied in many different fields 
and industries, such as cosmetics, food, or pharmaceutical industry1. In the last 
decades, several techniques to measure particle diffusion from light scattering or 
fluorescence have made it possible to characterize the size of micro- and nanoparticles 
with high precision and high throughput. 
In Paper 2 in this thesis, the method Nano-SMF is presented, which measures particle 
size and intensity in multiple fluorescence colors for particles in the size range 20-200 
nm in diameter. The combined size and intensity information gives insight in the 
functions of exosomes and helps increase our understanding of extracellular 
interactions. I will in this chapter describe how size can be extracted from the 
Brownian motion of spherical particles and describe the method Nano-SMF in the 
context of other particle size analysis techniques. 
 – 30 – 
5.1 Brownian motion 
“Observe what happens when sunbeams are admitted into a building and shed light on its 
shadowy places. You will see a multitude of tiny particles mingling in a multitude of ways in 
the empty space within the light of the beam, as though contending in everlasting conflict, 
rushing into battle rank upon rank with never a moment’s pause in a rapid sequence of unions 
and dis-unions… their dancing is an actual indication of underlying movements of matter that 
are hidden from our sight... It originates with the atoms which move of themselves. Then those 
small compound bodies that are least removed from the impetus of the atoms are set in motion 
by the impact of their invisible blows and in turn cannon against slightly larger bodies. So the 
movement mounts up from the atoms and gradually emerges to the level of our senses so that 
those bodies are in motion that we see in sunbeams, moved by blows that remain invisible.” 
The quote above is part of a scientific poem “On the Nature of Things” by the Roman 
philosopher-poet Lucretius in 60 BC151. It quite brilliantly describes the essence of 
Brownian dynamics; albeit with an incorrect example since the mingling motion of 
dust particles is mainly caused by air currents. 
It would take about 1800 years until Brownian motion was observed and described 
correctly by Robert Brown in 1827152. Brownian motion consists of random motion of 
particles suspended in a gas or a liquid. In the early 1900s it was described in the 
context of physics by, among others, Albert Einstein. He found that the diffusion 𝐷 of 
a particle, would depend on its mobility 𝜇 and the temperature 𝑇 according to:  
 
𝐷 = 𝜇 ∙ 𝑘𝛽 ∙ 𝑇, (Eq. 3) 
where 𝑘𝛽 is Boltzmann’s constant. In a liquid with laminar flow, i.e. low Reynolds 
number, the mobility can be described by the inverse of the drag coefficient 𝜁. For a 
spherical particle with the radius 𝑟 the drag coefficient is given by Stokes’ law as 𝜁 =
 6𝜋 ∙ 𝜂 ∙ r, where 𝜂 is the liquids viscosity. Combining Stokes’ law with the Einstein 




6𝜋 ∙ 𝜂 ∙ r
, (Eq. 4) 
which describes the diffusion of a spherical particle in laminar flow. 
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5.1.1 Size determination from Brownian motion 
Determining the properties of particles is essential for a range of fields, such as 
pollution control, electronics, and biomedicine154. Among particle properties, size is 
one of the most important to characterize since it often influences the particle behavior 
in various ways, for example by affecting particle agglomeration or cellular uptake. 
There are numerous bulk techniques to determine particle size, such as dynamic light 
scattering (DLS)155, tunable resistive pulse sensing (TRPS)156, or differential centrifugal 
sedimentation (DCS)157. Since nanoparticles are often heterogeneous, single particle 
resolution, with more detail on particle size distribution, is often wanted. To this end, 
it is possible to attach the particles to a surface and measure the size with atomic force 
microscopy (AFM) or electron microscopy (SEM/TEM). These techniques do not allow 
for very high throughput, which can instead be achieved with different particle flow 
techniques, such as nanoparticle tracking analysis (NTA)27 or flow cytometry (FC)158. 
NTA determines the size of the particles by tracking the movement of individual 
particles, via scattering or fluorescence microscopy, in three dimensions to determine 
their diffusion coefficient. The hydrodynamic radius for each particle can then be 
determined via the Stokes-Einstein equation (Eq. 4). Since the particle trajectory is 
tracked for particles moving in three dimensions, the particles can move in and out of 
the focal plane, which produces artefacts in the collected intensity and limits 
simultaneous evaluation of particle size and intensity159. One way to improve on this 
aspect is by tethering the particles to a supported lipid bilayer and investigate the 
diffusion in only two dimensions via two-dimensional flow nanometry160. This way 
the focus is maintained over a longer time which allows for longer trajectories with 
more stable intensity. A step further in the same direction is Nano-SMF (SMF; size and 
multiplexed fluorescence), that we have developed on the basis of nano flow 
cytomery48, where the particles are restricted to one dimension by confinement in 
nanochannels (Paper 2). This way, the diffusion in the one remaining dimension can 
be evaluated and the particles are retained in focus throughout the particle trajectories 
without the need of tethering. 
5.2 Nano-SMF 
In Paper 2, a method to measure the size of nanometer sized vesicles called Nano-SMF 
is presented. In Nano-SMF fluorescent particles are flushed slowly through an array 
of nanochannels (Figure 5.1), so that the primary motion exerted by the particles is 
from diffusion (Brownian motion). By tracking the particles and subtracting the mean 
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speed, from a slow driving flow, single particle trajectories can be collected (Figure 
5.1d). Similar to how the size is determined with NTA, the diffusion from these 
trajectories can be calculated through mean square displacement and the size can then 
be determined with the use of the Stokes’-Einstein equation (Eq. 4). However, since 
the particle movements are constricted by the nanochannels, the diffusion needs to be 
corrected by a hinderance factor depending on the particle size and the nanochannel 
dimensions. Analysis of the particle trajectories yields size and fluorescence intensity 
for all particles flushed through the field of view, which generally amounts to 103-104 
particles recorded during 5 minutes of acquisition. For a system of nanochannels with 
square shaped cross-section of 300x300 nm2, particle sizes between 20-200 nm can be 
determined. While no tethering is needed, the channel walls are often coated by a 
supported lipid bilayer161 to decrease the risk of nanoparticles sticking to the channel 
walls and clogging of the nanochannels.  
 
Figure 5.1. Schematic of a Nano-SMF device. a) Layout of the nanofluidic chip with four inlets 
connected by two microchannels leading to an array of 100 nanochannels. b) Illustration of parallel 
nanochannels containing fluorescent particles. c) Snapshot of 100 nm fluorescent polystyrene beads 
flowing through the nanochannel array. d) Single particle trajectories during 200 video frames 
collected from the numbered particles in c. Adapted with modification from Paper 2. 
 – 33 – 
5.2.1 Hinderance factor 
Particles diffusing in a narrow channel will experience hydrodynamic coupling to the 
channel walls. The walls limit the particle movement and thereby decrease the 
diffusion of the restricted particle as compared to a freely diffusing particle. One way 
to account for this decrease in diffusion is by introducing a hinderance factor 𝐻 which 
rescales the diffusion coefficient according to 𝐷𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑒𝑑 = 𝐻 ∙ 𝐷𝑓𝑟𝑒𝑒. 𝐻 depends on 
both the channel geometry and size, as well as the particle size162. In a nanochannel 
with the cross-section of a square, 𝐻 has been determined through the center-line 
approximation to be    
 
𝐻 =
1 − 2.105 ∙ 𝜆 + 2.0865 ∙ 𝜆3 − 1.7068 ∙ 𝜆5 + 0.72603 ∙ 𝜆6 
1 − 0.666 ∙ 𝜆2 − 0.20217 ∙ 𝜆5 
. (Eq. 5) 
The parameter 𝜆 is here given by 𝜆 = √𝜋 ∙ 𝑟/𝑎, where 𝑟 is the particles hydrodynamic 
radius and 𝑎 is the side length of the nanochannel cross-section163. This relation can be 
inverted to generate the particle radius from the constricted diffusion recorded in the 
nanochannels and is used to determine particle sizes with Nano-SMF.  
5.2.2 Flow speed and exposure time 
Nano-SMF operates under conditions where particle movement is mainly dictated by 
diffusion. It is therefore restricted to relatively low flow speeds (<~20 μm/s). If higher 
flow speeds are used, the diffusion part of the movement is distorted, and the particle 
size is underestimated (Figure 5.2a). 
To calculate particle diffusivity, the stochastic component of the motion is extracted 
from the mean square displacement between consecutive frames. When doing this, the 
exposure time needs to be considered. The particle position in each frame will be 
determined by the particle position throughout the exposure time, resulting in a 
motion blur on the recorded intensity distribution164. To account for this, the acquired 
diffusion needs to be adjusted via multiplication by a correction factor 𝜀 given by 
 
𝜀 =  
3 ∙ ∆𝑡
3 ∙ ∆𝑡 − ∆𝑡0
, (Eq. 6) 
where  ∆𝑡 is the time between frames and ∆𝑡0 is the exposure time. 
Even if the motion blur is accounted for, the diffusivity will be overestimated if too 
long exposure times are used (Figure 5.2b). This is probably related to how the 
intensity profile collected over an extended time will be elongated and not represented 
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by a Gaussian profile. The elongation will result in a deviation in the determined 
particle position, compared to the mean particle position during the exposure time. 
That deviation will in turn result in an error in the size and could be responsible for 
the underestimation seen at longer exposure times.  
 
Figure 5.2. Size distributions for 100 nm polystyrene beads and how the determination of their size 
varies with (a) increasing flow pressure (i.e. flow speed) or (b) increasing exposure time. Adapted 
with modification from Paper 2. 
5.2.3 Colocalization - detecting subpopulations 
Nano-SMF can also record particle trajectories in multiple color channels by 
sequentially switching the excitation light and using a multi bandpass filter. This way, 
fluorescence in multiple colors can be collected for a multitude of particles and size 
can be determined. Additionally, the particle trajectories can be co-localized by 
examining whether the trajectories collected in the different color channels follow each 
other closely, both in time and space. With information regarding size, and 
fluorescence intensity in multiple colors, subpopulations regarding size and 
interactions with multiple fluorescence probes can be investigated with just one 
measurement. 
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6 Original Work 
The major findings obtained in this work are enclosed in the three papers appended 
to the thesis. However, additional relevant findings, which need more research before 
clear conclusions can be drawn, were also produced. In this chapter, I will summarize 
the main findings in the appended papers and expand upon some of the additional 
findings acquired during my doctoral studies. 
6.1 Summary of results 
In this section, the main findings of the appended papers are summarized. 
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6.1.1 Paper 1 
Heterogeneity in catalytic activity among nanoparticles is prevalent, and studies of 
catalysis on the single particle level is needed to fully understand how to optimize the 
use of nanoparticles in catalysis. There exist multiple techniques to study single 
nanoparticle catalysis, but all of them have limitations, such as requiring low reaction 
concentrations and/or reaction rate, or having low throughput. In Paper 1, we wanted 
to utilize controlled flow in a nanofluidic system, which keeps the liquid in the focus 
of the microscope, to measure catalysis on single nanoparticles at high throughput and 
reaction rates, and compensate for some of the limitations of established methods. For 
this purpose, we fabricated 35 lithographic Au nanodisks with diameters ranging from 
64 to 128 nm in diameter, each one situated in its own channel, in an array of parallel 
nanochannels. Using the reduction of fluorescein by sodium borohydride as a model 
reaction, we could determine the fluorescence downstream of the nanoparticles and 
estimate their individual turnover frequency (ToF) (Figure 6.1). This gave insight into 
how the catalytic activity transitions from a reaction limited regime to a mass transport 
limited regime as the fluorescein concentration decreases, and that the transition 
depends on particle size. The maximum ToF reached for each particle did however not 
depend on particle size, but a large heterogeneity was observed between individual 
particles. Detailed characterization of particle structure with TEM of analogous 
particles on a TEM membrane revealed a spread in the number of grain boundaries, 
which could be the reason for the differences in catalytic activity.  
In contrast to other single particle catalysis methods, parallelized nanofluidic 
fluorescence microscopy can operate at relatively high reactant concentration and 
reaction rate, in the range of relevant industrial applications. Furthermore, the 
separation of the particles in individual parallel channels ensures identical reaction 
conditions for tens of single nanoparticles that could be monitored simultaneously. In 
the future, the method can be combined with other single nanoparticle techniques to 
provide the capability of measurements in a broader concentration range. 
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Figure 6.1. Summary of single particle-specific and mean turnover frequencies (ToFs) for all 32 
particles studied in parallel in a single experiment at different nominal incoming fluorescein 
concentrations. The titles display the nominal particle diameters, and the insets show SEM images of 
corresponding particle analogues taken after cleaning on an open surface. The scale bars are 20 nm in 
all insets except for the 139 x 1138 nm patch where it is 100 nm. Black and colored lines display mean 
and individual particle ToFs, respectively, and the gray shaded areas depict the standard deviation. 
The fluorescein concentration was systematically varied between 0 and 4.6 µM and the borohydride 
concentration was kept constant at 50 mM. 
6.1.2 Paper 2 
It is difficult to determine the size of biological particles below 300 nm in diameter. In 
Paper 2, we present a newly developed method we call Nano-SMF (SMF; size and 
multiplexed fluorescence). Nano-SMF relies on determining the size of particles of 
sizes 20-200 nm in diameter by detecting the one-dimensional Brownian motion and 
at the same time recording their fluorescence intensity in multiple colors. This is done 
by confining the particles in nanochannels (with cross section of 300x300 nm2) and 
flowing them slowly through the nanochannels so that their movement is dominated 
by Brownian motion. The confinement retains the particles in the focus of the 
microscope throughout their trajectory and thereby provides a good signal to 
accurately determine both particle positions and intensities. With the use of the Stokes-
Einstein equation in combination with a hindrance factor to account for the constricted 
diffusion in the nanochannels, the particle sizes can be determined solely from their 
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1D diffusion. Thereby, the method provides uncoupled size and intensity data from 
which conclusions regarding size and intensity scaling can be drawn. The array of 
nanochannels also spaces out the particles, which allows for analyzing samples with a 
wide range of particle intensities; thereby providing detailed size distributions for 
polydisperse samples (regarding both size and intensity) as compared to NTA (Figure 
6.2). Nano-SMF is not restricted to fluorescence, but can be applied with other 
techniques, such as dark field microscopy which is showcased using spherical Au 
nanoparticles of 60 and 100 nm in diameter. The minimal size that can be determined 
is limited by the signal to noise ratio and for highly fluorescent P-dots sizes down to 
20 nm in diameter can be resolved. 
 
Figure 6.2. Comparison of size distributions for 50 and 100 nm polystyrene beads obtained using 
Nano-SMF (blue) and NTA (red). a) Snapshot of mixed 50 and 100 nm polystyrene beads using Nano-
SMF. b) Trajectories displaying Brownian motion from numbered particles in (a). c-d) Size distribution 
of 50 nm polystyrene beads obtained with Nano-SMF (c) and NTA (d). e-f) Size distribution of mixed 
50 and 100 nm polystyrene beads obtained with Nano-SMF (e) (inset displays the difference in 
fluorescence intensity between the 50 and 100 nm particles) and NTA (f). g-h) Size distribution of 100 
nm polystyrene beads obtained with Nano-SMF (g) and NTA (h). Size distributions obtained with 
Nano-SMF (c, e and g) are fitted with Gaussian distributions and displayed for comparison with NTA 
(d, f and h). 
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By using a multi bandpass filter and sequentially switching light source, Nano-SMF 
can determine the fluorescence intensity for multiple fluorescent labels. Through 
colocalization between exosomes with the different fluorescent labels, we observed 
distinct sub-populations, which differed in mean size depending on which of the 
exosome biomarker tetraspanin proteins CD63 and CD81 that resided on them. 
Additionally, the different biomarkers displayed variation in their size-intensity 
scaling, revealing a difference in how tetraspanins may be distributed into exosomes 
during biogenesis. These findings display that Nano-SMF is a versatile platform where 
subpopulations within polydisperse samples such as exosomes can be investigated, 
and multiple independent properties, connected to size and intensity, can be evaluated 
simultaneously from a single measurement. 
6.1.3 Paper 3 
To provide single particle catalysis measurement on particles with defined surface 
facets, the method for parallelized nanofluidic fluorescence microscopy, presented in 
Paper 1, was extended upon. The main features of the previous design were retained 
to preserve the benefits provided by keeping the fluorescent molecules in the focal 
plane of the microscope and ensuring identical reaction conditions. Trapping of single 
colloidal nanoparticles larger than 30 nm in diameter was achieved by addition of 
vertical constrictions in the nanochannel centers, leaving a 30 nm high slit. The 
attachment to the nanochannel walls was then enhanced by addition of salt (NaCl, 5M) 
to decrease the electrostatic screening between the particles and the walls. The particle 
trapping was monitored with dark field microscopy to collect scattering intensity 
steps, from which the number of trapped particles in each channel were determined. 
Additionally, the particle trapping was confirmed with SEM via entrapment in a 
polysilsesquioxane (PSQ) bonded chip from which the lids could be detached. By 
trapping 32 colloidal Au nanospheres of 100 nm in diameter, the transition from a 
surfaced poisoned regime into a mass transport limited regime of catalysis was 
monitored with single particle precision. A spread in single-particle-specific activity 
was observed and linked to the widely varying surface faceting of the colloidal 
spheres. Day to day variation in the concentration at maximum ToF was observed, but 
the respective activity of the individual particles was retained between all 
measurements. This observation highlighted the need for simultaneous measurment 
of single nanoparticles to correctly compare their catalytic activity. 
  
 – 40 – 
By trapping single Au colloidal nanoparticles sequentially, several nanoparticles with 
varying shape and surface facets (spheres, cubes and octahedra), were trapped side by 
side in an array of 100 nanochannels (Figure 6.3). Catalytic reduction on the faceted 
Au nanoparticles displayed a difference in the concentration at maximum turnover 
frequency (ToF), at which the catalytic activity transitioned from a surface poisoned to 
a mass transport limited regime of catalysis. The concentration at maximum ToF was 
hypothesized to depend on the adsorption energy of fluorescein, which was shown to 
decrease for surfaces with higher curvature, such as steps, corners and edges, using 
first-principles calculations. We therefore suggested that transition at higher 
fluorescein concentrations could be attributed to the high abundance of edges and 
corner sites on cubes and octahedra, as compared to spherical nanoparticles (inset in 
Figure 6.3a). The differences in concentration at maximum ToF observed between the 
trapped particles, demonstrated that parallelized nanofluidic fluorescence microscopy 
enables assessment of structure sensitivity between several single nanoparticles 
measured at identical reaction conditions. The utilization of dark field microscopy in 
combination with fluorescence microscopy to initially monitor particle trapping and 
subsequently catalytic activity, showcase the usefulness in combining multiple 
techniques for readout of different single particle properties. 
 
Figure 6.3. Fluorescein reduction with sodium borohydride on single Au spheres, cubes and 
octahedra. a) Schematic of the process flow during the consecutive trapping of colloidal particles with 
different shape: (i) trapping of 100 nm faceted Au spheres; (ii) flushing with NaCl solution to induce 
strong particle attachment; (iii) trapping of 54 nm Au cubes; (iv) flushing with NaCl solution to induce 
stronger particle attachment;(v) trapping of 62 nm Au octahedra; (vi) flushing with NaCl solution to 
induce strong particle attachment. b) ToF for trapped single faceted Au spheres, cubes and octahedra, 
measured simultaneously in the same chip upon three subsequent fluorescein concentration sweeps 
starting at Cstart = 2 μM, 4 μM, and 8 μM, respectively. 
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6.2 Additional contributions 
The main part of my PhD work has been dedicated to establishing new methods to 
measure nanoparticle properties that are hard to acquire with existing techniques. As 
the methods have been established, the aim has been to display their usefulness by 
measuring important nanoparticle properties. In these endeavors, I have investigated 
several different approaches before pursuing the ones that showed the most promise. 
I will here present some of the trials where there is not yet enough data to draw clear 
conclusions, but which contain elements that are worthwhile bringing forth for 
discussion. 
6.2.1 Catalysis on single nanoparticles of different metals 
In the nanochannel device presented in Paper 3 it is possible to trap nanoparticles of 
different metals, such as Ag and Pt, in addition to Au nanoparticles. In principle, any 
particles with sufficient negative charge, such that they do not initially stick to the 
channel walls, can be trapped in this device. Spherical citrate stabilized Ag and Au 
nanoparticles (80 nm in diameter), and Pt nanoparticles (70 nm in diameter), were 
trapped alongside each other through sequential trapping. After entrapment, rigorous 
cleaning of the nanoparticles (and the nano-/microchannels) was needed before 
catalytic reduction of fluorescein was observed. For Au nanoparticles, I established (in 
Paper 1) that the cleaning can be done by flushing for 20 minutes with a solution of 
Hydrogen peroxide (30 wt. %), ammonia (30 wt. %), and water in a ratio of 1:1:5. 
Therefore, the same procedure was applied for Ag and Pt, with some uncertainty 
whether it would be suited for cleaning those metals, since the solution etches the Au 
surface slightly and should etch other metals more efficiently. 
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Figure 6.4. Batch reduction of fluorescein by Au, Ag and Pt. Substantial activity is observed for both 
Au and Ag nanoparticles, but not for Pt. Inset shows the gas development for sodium borohydride 
exposed to Pt nanoparticles as compared to sodium borohydride in water. No catalytic activity is 
observed when using the Pt-exposed sodium borohydride together with Au nanoparticles or without 
catalyst. 
To evaluate if other metals than Au would be active in the reduction of fluorescein by 
borohydride, they were initially tested in a batch setting (Figure 6.4). The batch 
experiments were done by mixing the reaction reagents (10 μM sodium fluorescein 
and 50mM sodium borohydride) with and without the catalysts (colloidal Au, Ag or 
Pt suspension) in several wells in a microwell plate and measuring the fluorescence 
with a microplate reader. In the batch experiments, Ag particles displayed a slightly 
slower reduction rate than Au and Pt displayed no activity at all.  We speculate that 
the inactivity in the mixture with Pt derives from Pt consuming the borohydride and 
producing 𝐻2 gas165, instead of reducing the fluorescein. This hypothesis was 
strengthened by showing that a borohydride solution mixed with Pt nanoparticles 
displayed excessive gas generation. Furthermore, the Pt-exposed sodium borohydride 
solution was thereafter unable to be used for reduction of fluorescein (Figure 6.4).  
The issue of borohydride consumption formed an interesting prospect, since it could 
possibly be solved by the directed flow in the nanochannels, where fresh reactants are 
supplied continuously. However, when subjecting the Pt nanoparticles to the cleaning 
solution in the nanochannels, 𝐻2 gas was generated166, 167. The gas dissolved after 
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flushing with water, but the gas development removed most of the Pt nanoparticles. 
When fluorescein and sodium borohydride were later introduced, the channels where 
Pt nanoparticles were still visible in dark field microscopy showed catalytic activity 
(Figure 6.5a). However, since nearly all Pt particles were removed by the gas, only a 
few particles were left for evaluation.  
An intriguing feature observed during the gas formation was that for channels 
containing both Au and Pt the generated gas pushed out the Au nanoparticles (Figure 
6.6). This interaction could possibly be extended upon and developed into a system 
for purposefully propelling nanoparticles in a fluidic system using local gas generation 
inside the nanofluidic system. 
 
Figure 6.5. Maximum turnover frequency for single Au, Ag and Pt nanoparticles. a) Nearly all 
particles were mass transport limited throughout this experiment. The Pt particles that remained after 
cleaning showed substantial catalytic activity. b) Comparison in activity between Au and Ag 
nanoparticles. It is, however, unclear in which state of oxidation the Ag nanoparticles are in (Ag, Ag-
oxide and/or fragmented). 
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Figure 6.6. Au nanoparticles being propelled by gas generation from Pt nanoparticles. In three of the 
nanochannels (nr 1, 3 and 7 from above) an Au nanoparticle, highlighted by red circles, can be 
observed moving to the right in front of the increasing gas bubble produced during the nanoparticle 
cleaning.  
Ag nanoparticles showed catalytic activity for fluorescein reduction in batch to a 
similar degree as Au nanoparticles (Figure 6.4). However, when the Ag nanoparticles 
were trapped in the nanofluidic chip and subjected to the cleaning solution, they 
displayed an apparent decrease in scattering intensity. This decrease was interpreted 
as oxidation (or partial oxidation) of the Ag particles. For the reduction of fluorescein, 
they displayed a catalytic activity slightly lower than that of Au nanoparticles (Figure 
6.5b), comparable to the batch experiment. To verify the oxidation of the Ag particles, 
Ag and Au nanoparticles were trapped and cleaned in a PSQ bonded chip for 
evaluation with SEM. Unfortunately, nearly all particles were removed as the lids were 
removed for several PSQ bonded chips, and the few nanoparticles that stayed in place 
and could be verified with SEM, were all Au. This indicated that the Ag nanoparticles 
likely were completely dissolved by the cleaning solution. In another trial, an Ag 
surface exposed to the cleaning solution was completely dissolved (Figure 6.7). Both 
trials therefore suggest that the Ag is dissolved completely by the cleaning solution. 
This leaves us with the conundrum why the channels that initially contained Ag 
particles are still displaying a distinct activity for fluorescein reduction (Figure 6.5b). 
A possible explanation is that the Ag is partially dissolved and dispersed along the 
nanochannel, giving the channel an activity from multiple Ag/Ag-oxide fragments 
etched from the original Ag particle. 
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Figure 6.7. Cleaning of 50 nm thick Ag surface with (1) water, (2) cleaning solution and water 1:9, and 
(3) cleaning solution. a) before cleaning. b) during cleaning. c) after cleaning. The Ag in (1) is 
unaffected, in (2) is slightly etched and partially oxidized, and in (3) is completely dissolved where the 
cleaning solution has been. 
 
6.2.2 Catalysis at varying flow speed 
An advantage with the parallelized nanofluidic fluorescence microscopy is that the 
flow speed can be varied, to alter the mass transport of reactants to the nanoparticles. 
This is exemplified in Figure 6.8, where ToF for six different particles at flow speeds 
of 68, 136 and 272 μm/s (flow pressures of 500, 1000 and 2000 mbar) is shown. 
Measurements were done in the order 272, 136 and 68 μm/s, and a final measurement 
at 272 μm/s was made to confirm that the reaction conditions had not change between 
experiments. At a lower flow speed, the number of molecules that reach the catalyst 
per second is decreased. Therefore, the slope in ToF versus fluorescein concentration 
is lower for lower flow speeds in the mass transport limited regime. Each particle 
displays a plateau in the ToF, which is reached at higher flow speed, but not at lower 
flow speed due to the low supply of fluorescein molecules. The transition from the 
surface poisoned regime (fluorescein concentration > 23 μM) into the reaction limited 
regime (fluorescein concentration ~15 μM at a flow speed of 272 μm/s) or directly into 
the mass transport limited regime (linearly increasing ToF at lower fluorescein 
concentrations) happens in a different span of concentrations, which depends on the 
flow speed. At a flow speed of 272 μm/s, the transition happens gradually, across a 
span of fluorescein concentrations between ~23 and 30 μM, while at a flow speed of 68 
μm/s, the fluorescein concentration remains constant at around 23 μM during the 
transition. This difference is an artefact, inherent to how the incoming fluorescein 
concentration decreases over time. The decrease in concentration is a consequence of 
the partial reduction of the fluorescein at unspecific active sites along the large surface 
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area present in the microchannels, prior to entering the nanochannels. This reduction 
happens at a lower rate than at the nanoparticles, and results in an “automatic scan” 
of the incoming fluorescein concentrations during each measurement (Supplementary 
information of Paper 1). Furthermore, the decrease of the incoming fluorescein 
concentration accelerates with time, due to the higher activity at lower fluorescein 
concentrations. Therefore, depending on when the transition between different 
regimes occurs, the transition will span a varying range of fluorescein concentrations. 
This becomes apparent when considering the concentration that is reduced at any 
given timepoint (Figure 6.9). The transition then happens in the same time frame 
seemingly independent of the flow speed, but instead depending on the single particle. 
The similarity in reduced fluorescein concentration during the transition could 
indicate that the activity during transition is mainly governed by diffusion to the 
uninhibited catalyst sites. The difference between particles does in turn suggest a 
difference in reaction rate resulting in different transition rate from the surface 
poisoned to the mass transport limited regime. 
 
Figure 6.8. ToF derived at different flow speeds (272, 136 and 68 μm/s, and again at 272 μm/s) for six 
single spherical Au nanoparticles. 
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Additional experiments are needed to verify the findings at varying flow speeds 
discussed above. However, reproducing this kind of reactivity profiles at varying flow 
speed is time consuming, as the concentration where the transition occurs varies from 
day to day, as discussed in Paper 3. Additionally, the particles featured in these 
experiments (Figure 6.8 and Figure 6.9) were not monitored during trapping and are 
therefore not guaranteed to be single particles, although the similarity between the 
ToF profiles indicates that they are. 
 
Figure 6.9. Fluorescein concentration reduced by the nanoparticle at each given frame during 
measurements at different flow speed (272, 136 and 68 μm/s, and again at 272 μm/s), for the same six 
nanoparticles as in Figure 6.8.  
Another possibility the control of flow speed provides, is to vary the flow during the 
experiment. Figure 6.10 showcases the ToF for ten single Au spheres (100 nm in 
diameter), measured during an experiment where the flow speed was varied back and 
forth between 272 μm/s and 68 μm/s. Note how the transition into the mass transport 
limited regime (black and blue dashed lines) occurs differently, both between particles 
and between flow speeds. At a flow speed of 68 μm/s, most particles are in the mass 
transport limited regime already around frame 50, while no particle completely 
reaches the mass transport limited regime until frame 170 at a flow speed of 272 μm/s. 
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Switching the speed back and forth also reveals how a higher mass transport can result 
in a lower apparent activity, as observed for most particles the first time the flow speed 
is switched from 68 μm/s to 272 μm/s. This indicates a strong relation between the 
surface poisoning at high fluorescein concentration and the supply of reactants to 
maintain it. The increase in ToF when switching back to 68 μm/s in turn demonstrates 
a reversibility between the different reactivity regimes and that the transition can be 
regulated by the flow speed. 
 
Figure 6.10. ToF during each time frame of fluorescein reduction when the flow speed was switched 
back and forth between 2000 mbar (black dots) and 500 mbar (blue dots). Note how the transition into 
the mass transport limited regime (black and blue dashed lines) varies between particles and flow 
speeds. 
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6.2.3 Specialized script for 1D particle tracking 
Particles tracked with Nano-SMF are restricted to movement in one direction by being 
confined in an array of nanochannels. It is therefore possible to simplify the particle 
tracking and only consider the movement occurring specifically along the 
nanochannels and in just one dimension (1D). To explore this option, a MATLAB script 
for 1D tracking for a simplified and quicker analysis is being developed. The script 
restructures the recorded movies into multiple kymographs (Figure 6.11a), one for 
each nanochannel, which has the extension of the nanochannel on one axis and the 
time domain (one frame per line) on the other axis. The particles flowing through the 
nanochannel will appear as diagonal lines in the kymograph and can then be detected 
by convolution with a diagonal segmentation matrix (Figure 6.11b), constructed by a 
diagonal gap with the same inclination as the particle traces. Convolving the 
kymograph with the segmentation matrix results in an intensity profile across all 
movie frames which can be evaluated to detect each particle trace (Figure 6.11c). 
 
Figure 6.11. Summary of how particles can be tracked by collapsing single nanochannels into 
kymographs. a) Part of a kymograph from a single nanochannel. The white lines are traces of 
fluorescent particles passing through the channel. b) Segmentation matrix used to convolve with the 
kymographs to find particle traces. c) Evaluation of the convolved kymograph and segmentation 
matrix. The white area represents the part of the kymograph visible in (a). The dotted red line is a 
cutoff for the signal needed for a trace to be evaluated and each evaluated trace is marked with a 
green star.  
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After detection of the particle traces, the kymograph can be divided into single 
trajectory sections in which the maximum intensity for each time frame can be 
evaluated as the particle position. To achieve sub-pixel resolution, the particle position 
is then iterated with a Gaussian approximation fit168. Additionally, the Gaussian fit 
provides detailed intensity values. The particle positions can then be determined using 
the same equations as in Nano-SMF (Paper 2) to get size distributions from all tracked 
particles (Figure 6.12). While the size distributions provided from the two scripts were 
very comparable, the script operating only in 1D runs about 20 times faster. However, 
for samples with a wide variation in intensities (Figure 6.12c), the current image 
segmentation in the 1D script could not detect the majority of the dimmer particle 
traces. Since the detection of complex samples, containing variation in size and 
intensity, is one of the main strengths of Nano-SMF, the image segmentation of 
samples with spread in intensity needs improvement before more rigorous 
applications using the 1D tracking script. 
 
Figure 6.12. Examples of size distributions provided from the script tracking only in 1 dimension (red) 
versus the one tracking in 2 dimensions (gray). a) Size distributions from 50 nm polystyrene beads. b) 
Size distributions from 100 nm polystyrene beads. c) Size distribution from mixed sample of both 50 
and 100 nm polystyrene beads.  




In this thesis, I have presented two methods for characterization of single nanoparticle 
properties, such as catalytic activity, fluorescence intensity and size. The experiments 
with these methods have up until now been mainly made in a proof-of-concept 
manner, to establish the techniques and give an idea of their capabilities. As displayed 
in the section 6.2 additional contributions, there are several interesting aspects in these 
methods to explore and develop, where more experiments are needed. For example, 
the idea of observing the catalytic activity of different metals can be developed further 
by assessing alternative solutions for cleaning the particle surfaces. Additionally, it can 
be extended to alloy particles and the exploration of the impact of the ratio between 
different metals in alloys. Alternatively, the impact of different ligands on the particle 
surface, which can either hinder or benefit the catalytic activity76, 169, can be explored.  
With the capability of trapping particles with different ligands, as well as a flow system 
to potentially exchange the ligands on trapped particles, the activity of one and the 
same nanoparticle but with different ligands can be investigated. With protocols to 
clean the particle surface, the difference with or without ligand capping can be studied 
and provide new insights in the role of ligands in nanoparticle catalysis. 
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Another direction in which parallelized nanofluidic fluorescence microscopy can be 
developed is in extended control of reaction parameters, such as flow, temperature, 
and reactant concentrations. With additional parameters to vary, the different regimes 
of catalysis can be mapped in more detail to give a more complete understanding of 
the reaction mechanisms. For example, temperature variation can provide information 
on activation energy of the reaction. Higher temperatures can also assist in the 
exploration of additional reactions, by increase of the reaction rate. With control of 
temperature to alter reaction rate, and flow speed to alter mass transport in real time, 
as well as increased control over reactant concentrations, the boundaries between the 
different catalysis regimes can be intricately maneuvered to answer complex questions 
regarding mass transport and surface poisoning at the single nanoparticle level.  
While parallelized nanofluidic fluorescence microscopy is, in its current version, 
restricted to a read-out signal from fluorescence, there are still a lot of relevant 
questions that the method can assist in answering. Variation in flow speed, interaction 
between reactants and nanochannel walls can be explored further and the similarity 
between the nanochannel and a catalyst pore can bridge the understanding of mass 
transport into porous scaffolds133. Placement of several particles along one and the 
same nanochannel can in turn simulate particles early and late in a catalyst bed and 
answer questions about how a reaction on one particle affects the reaction 
downstream170. The restriction to fluorescence can also be circumvented by designs 
where the fluorescent species simply competes with a non-fluorescent reaction of 
interest171. Ideally, the method is combined with other methods that can complement 
the readout signal, such as plasmonic nanospectroscopy134 or surface enhanced Raman 
spectroscopy130 to get information of the molecular species on the surface of the 
catalyst, or in situ TEM137 to monitor the surface structure during the reaction. 
The prospect of nanocatalysis is generally to develop efficient and cost effective 
catalysts for a more sustainable material use, chemical production or energy 
consumption172. Since smaller nanoparticles (<10 nm) are more efficient, with respect 
to surface area per volume (i.e. material use), and also generally display increased 
activity, being able to measure single nanoparticle catalysis at these sizes is of huge 
interest. However, this prospect comes with substantial challenges as the reaction rate 
needed for parallelized nanofluidic fluorescence microscopy is substantial. 
Additionally, the nanoparticle trapping depends on scattering, which decreases 
dramatically with particle size. Methodologies such as particle antennas or 
fluorescently marked particles to increase the signal, or porous shells to increase 
residence time can alleviate these issues, but at the cost of a more complicated 
measurement system. 
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Nano-SMF provides a versatile method for size determination of nanoparticles of size 
20-200 nm in diameter. The method is very useful to study exosomes, as no extensive 
sample preparation is needed before characterization and the technique provides both 
fluorescence intensity in multiple colors as well as detailed size distributions. With its 
capability to characterize and count exosomes in nanoliter volumes of cell media, the 
method can provide new applications within diagnostics and exosome research. 
Nano-SMF can also analyze other soft biological nanoparticles, and possibly provide 
analysis of size and compositional variation in relating fields, such as virology and 
drug delivery. Since the tracking only needs to be done in one dimension, the speed of 
analysis can be vastly improved, and if real time analysis can be achieved, the 
technique can possibly facilitate particle sorting based on both particle composition 
and size.  
Parallelized nanofluidic fluorescence microscopy and Nano-SMF can still be improved 
and developed further, but they are already highly functional methods to extract 
single nanoparticle properties, which are hard to obtain by other means. Together, 
they demonstrate how nanofluidics can provide versatile platforms for studying and 
characterizing various nanoparticle properties and can hopefully inspire others to 
utilize similar methodologies. 
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